Abstract: Premature birth is the result of a complex interaction among genetic, epigenetic, behavioral, socioeconomic, and environmental factors. We evaluated the possible associations between air pollution and the incidence of prematurity in spatial clusters of high and low prevalence in the municipality of São Paulo. It is a spatial case-control study. The residential addresses of mothers with live births that occurred in 2012 and 2013 were geo-coded. A spatial scan statistical test performed to identify possible low-prevalence and high-prevalence clusters of premature births. After identifying, the spatial clusters were drawn samples of cases and controls in each cluster. Mothers were interviewed face-to-face using questionnaires. Air pollution exposure was assessed by passive tubes (NO 2 and O 3 ) as well as by the determination of trace elements' concentration in tree bark. Binary logistic regression models were applied to determine the significance of the risk of premature birth. Later prenatal care, urinary infection, and hypertension were individual risk factors for prematurity. Particles produced by traffic emissions (estimated by tree bark accumulation) and photochemical pollutants involved in the photochemical cycle (estimated by O 3 and NO 2 passive tubes) also exhibited significant and robust risks for premature births. The results indicate that air pollution is an independent risk factor for prematurity.
Introduction
Premature birth is the result of a complex interaction among genetic, epigenetic, behavioral, socioeconomic, and environmental factors [1, 2] . Prematurity is associated with increased morbidity and mortality in the first year of life [3, 4] . Published data indicate that prematurity enhances the risk of chronic diseases in adulthood [5] such as type 2 diabetes [6] , respiratory disease [7] , cardiovascular disease [8] , and attention deficit disorders [9] .
Exposure to environmental contaminants exhibits associations with premature births [10] . Because of its conspicuous nature, air pollution may be responsible for a considerable attributed fraction of global premature births [11] . Using global satellite-based estimates of exposure, Malley et al. [12] estimated that air pollution is responsible for 2.7 million premature births worldwide. Mechanisms responsible for the effects of air pollution exposure in premature birth are not fully clarified, but the induction of systemic inflammation [13] affects both fetal and placental homeostasis [14] [15] [16] [17] [18] [19] . In addition, other determinants of prematurity may vary in space such as socioeconomic status (SES), demographics, housing characteristics, behavioral factors, and accessibility to health care. Thus, broader environmental properties may act to isolate or interact with air pollution to increase susceptibility of pregnant women and, consequently, affect birth outcomes [20] [21] [22] .
The prevalence of prematurity in Brazil was 12.3% for the period from 2011 to 2012 [23] and were almost the same as in the Municipality of São Paulo for the period. Generally, premature births were more frequent in deprived areas where several social or environmental risk factors for prematurity co-existed [24] . We reasoned that further information about the role of air pollution in determining premature births could be obtained by evaluating possible associations between air pollution and the incidences of prematurity in spatial clusters of high and low prevalence in São Paulo. In this paper, we report the results of a case-control study conducted in three areas of São Paulo selected based on higher (2 spatial clusters) and lower prevalence (1 spatial cluster) of premature births using a combination of low-cost techniques designed to characterize the spatial variability of air pollution with high resolution. These results support the concept that particles and the ozone are significant risk factors for premature births in São Paulo.
Subjects and Methods

Definition of the Study
The present study has a case-control design.
Study Location
The municipality of São Paulo has a population of 12.2 million, which is distributed over 1.5 thousand square kilometers. Similar to other Latin American megacities, São Paulo has sharp social and economic contrasts that affect housing conditions and access to medical care. In the period evaluated in the present study (2012 and 2013), 348,337 live births occurred in São Paulo with an 11.9% prematurity rate that varied from 8.4% to 15.9% across São Paulo's 96 administrative units.
Identification of Spatial Clusters of Prematurity
Data on live births and geo-coded residence addresses of the corresponding mothers were obtained from the Secretary of Health of the Municipality of São Paulo. The gestational period was computed for each live birth based on the mother's day of last menstruation. Clusters of premature births were identified by applying a retrospective spatial scan statistical test using the software SaTScan TM [25] . To minimize biases induced by grouping large administrative districts, cases were aggregated by using census units as geographic units because they presented significantly smaller and more homogeneous areas. Cluster identification was adjusted for the following covariates: mother's age, type of pregnancy (singleton or multiple), and type of delivery (vaginal or caesarean). Cases were assumed to be poisson distributed with the constant risk over space under the null hypothesis in a bi caudal test. The spatial scan statistics arrange a circular window of variable size in the map surface and allows its center to move in such a way that, for a given position and size, the window includes a different set of near neighbors. If the window includes a neighbor centroid, the whole geographic unit is considered and included [25] . Cluster analysis results include spatial clusters with no geographic overlap of clusters allowed and a maximum allowable cluster size of 5% of the population. Significance was evaluated with Monte Carlo simulation with 999 replications where the null hypothesis of no clusters was rejected at an α level of 0.05. Such an approach, three clusters were identified with two of them with high prevalence (Tremembé and Pedreira) and one of them with low prevalence (Jardim Ângela) (Figure 1 ). High spatial clusters had an average radius of 3179 m from its center and the low cluster had a radius of 4848.7 m. Pedreira's cluster included 2033 cases when 1836.38 were expected and Tremembé's had 1274 cases when 1125.85 were expected. The low cluster in Jardim Ângela had 818 cases when 973.69 were expected.
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Definition of Cases and Controls
Cases were babies born with a gestational age of less than 37 weeks and controls were babies born at a gestational age equal to or more than 37 weeks. The sample was calculated based on the following: a paired study with a proportion of exposure between the cases of 40%, an Odds Ratio of 1.5 with a 10% significance level, and a power of the test of 80%. These assumptions indicated the necessity of 159 cases and 477 controls. For each case, two controls were randomly selected if they are the same sex and were born in the same or in the following month of cases' date of birth and they lived no more than 400 m from the corresponding case (Figure 2 ). The following exclusion criteria were adopted: congenital malformations (Q00-Q99, ICD10, 1994), twins, and indigenous ethnicity. 
Variables Related to Mothers
Since census units were considered the basis for geographic aggregation, secondary census information was included in the modeling such as the average number of residents per household, mean monthly income by householder (in Reais), percentage of households with bathrooms for the exclusive use of residents and sewage via general sewage systems, and percentage of dwellers according to ethnicity (black, mixed-race, and indigenous). Additionally, mothers were interviewed face-to-face by trained interviewers using questionnaires to gather personal information such as schooling, housing, employment, gestational history, pre-natal care, birth care, risk behavior for smoking, alcohol and drugs, and the presence of chronic disease. The interviews were based on five blocks comprising approximately 200 questions.
Estimates of Air Pollution Exposure
Two approaches were used to characterize exposure to air contaminants: passive tubes and the determination of trace element accumulation in tree bark. Passive tubes were used to measure nitrogen dioxide (NO 2 ) and ozone (O 3 ). The first pollutant is considered a proxy estimator of the gaseous component of fossil fuel burning while O 3 reflects gaseous oxidants produced by photochemical processes. NO 2 tubes were produced using filters impregnated with 2% triethanolamine, 0.05% o-metoxiphenol, and 0.025% sodium methabisulfite. The reaction with NO 2 produced nitrite, which was measured by absorbance at 550 nm. For O 3 measurements, we used cellulose filters impregnated with indigo carmine. After reacting with oxidants, the indigo was oxidized to isatin, which faded its blue coloration. The change in color was measured by optical reflectance. Filters in quadruplicate for each site were exposed for seven to 10 days, which provided the average concentration of the two pollutants in the time window of measurement. These two approaches were used by our group in previous field studies and exhibited good agreement with the same measures conducted by the State Sanitation Agency of São Paulo [26, 27] . For each cluster, 10 filters were placed following a criterion of the proximity of cases/controls, which is shown in Figure 3 . Measurements in each cluster were taken on four separate occasions that represented each season.
Trace elements in tree bark are indicative of particulate air pollution. This approach has previously been used in São Paulo and successfully provided small-scale discrimination of spatial variability of traffic-derived air pollution [28] [29] [30] as well as its source apportionment [21] . Particles emitted by pollution sources were trapped in the bark and represented a memory of particulate pollution that lasted for two years. Fragments of tree bark were collected and transformed into powder, the powder was compressed to form pastilles, and the pastilles were then analyzed by X-ray fluorescence spectroscopy. This was a multi-element procedure that allowed measurements of Al, Ba, Ca, Cl, Cu, Fe, K, Mg, Mn, Na, P, R, S, Sr, and Zn.
Based on the verification of existing trees in the areas of study, we collected samples from Tipuana tipu, Caesalpinia pluviosa, Tibouchina granulosa, and Eucalyptus sp. Similar to the passive tubes, 10 trees were sampled in each cluster.
Filters and trees were geo-coded and the attributed dose for each residence was extrapolated by using a quadratic spline based on the Euclidean distance between the residence and the spot of the air pollution measurement. In the statistical modeling, estimates of air pollution (passive tubes and tree bark bio-accumulation of trace elements) were considered categorical variables based on quartiles of the observed extrapolated dose for each child. For the passive tube measurements, the numerical values of the estimated concentration were used. For tree bark bio-accumulation, the elements were not considered individually. Rather, the coefficients of each factor attributed to every child were used. 
Statistical Analysis
We used different statistical approaches. Geostatistical methods were described above. Factor analysis was used to group the elements measured in tree bark. Different sets of the considered elements were used to obtain the highest explained variance using the Varimax rotation. Descriptive statistics for the characteristics of the study population as well as a comparison between premature and term births among clusters were performed using univariate statistics. The significance of the risk of premature birth was determined by using binary logistic regression models that considered different sets of explanatory variables selected based on their significance detected in the univariate analysis. Although smoking did not reach statistical significance in the univariate models, it was included in the analysis because of the evidence in the literature on its role in favoring premature births. Calculations were performed using Excel v.10 (Microsoft, Redmond, WA, USA) and IBM SPSS v.13 (IBM Corporation, Armonk, NY, USA)for windows packages. Spatial analysis and mapping were performed using ESRI ArcGIS 10.1 (Esri, Redlands, CA, USA). 
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Results
The majority of the cases selected for the Tremembé cluster (110%) and Pedreira (96%) were studied and the lowest rate of success was achieved for Jardim Ângela (69%) mostly because of improper addresses (high relocation rates of the mothers) and other problems of access such as criminality. These three areas are, in fact, among the most deprived districts of São Paulo in terms of socio-economic indicators. The ratio between controls and cases in the three clusters was around 2:1. Table 1 presents a summary of the characteristics of the mothers for each cluster and the statistical significance between premature and term births. Jardim Ângela had a high percentage of teenage mothers with premature babies (10%), which was higher than the other two clusters, and a high percentage of mothers without partners (35.5%). A high percentage of premature births for mothers with high levels of education were found in the Tremembé district. Table 2 shows the characteristics of prenatal assistance in each cluster as well as the statistical significance between premature and term births. Mothers with preterm labor in the Pedreira district started prenatal care later (18.4%) and had a higher incidence of urinary infection (68.5%) and hypertension (63.2%) than mothers with term births had. Figure 4 shows the estimated dose of NO 2 and O 3 for mothers enrolled in the study. Figure 4 shows the estimated dose of NO2 and O3 for mothers enrolled in the study. Table 3 shows the descriptive statistics of trace element levels determined in tree bark. Table 4 presents the results of the factor analysis that considered the elemental composition of tree bark. Four factors were identified that explained 82.8% of the variability. Factor 1 (Ba, Fe, Al, K, P, Cu, Rb, and Zn) and factor 2 (Mg, Mn, and S) were composed of trace elements associated with traffic emissions and soil suspension [31, 32] . Table 5 shows the sensitivity analysis of the associations between estimates of air pollution and prematurity risk. Factor 1 was the only factor that exhibited robust dose-dependent associations with prematurity. The interaction term between high NO 2 (fourth quartile) and low O 3 (first quartile), the history of hypertension, urinary and syphilis infection during gestation, and the late onset of prenatal care exhibited significant positive risks for prematurity while low O 3 (first quartile) was protective after controlling for the age of the mother and smoking. The associations of the estimators of air pollution exposure and risk of prematurity were sufficiently robust to remain stable across different model specifications. Table 5 .
Multivariate logistic model with preterm and variables related to air pollution, the characteristics of mothers, and the onset of prenatal assistance. 
Models
Discussion
The present study detected significant associations between markers of exposure to ambient air pollution and the risk of premature births. Based on these results, variations in exposure in the microscale range determined by passive methods had an important influence on prematurity risk, which reinforces the concept that gestation represents a time window of extreme vulnerability to air pollution.
Although air pollution standards have been established by health authorities, it is quite possible that a safety threshold does not exist for airborne toxics. Because of their conspicuous presence in the urban environment, genetic, epigenetic profiles as well as comorbidities and social and economic determinants may increase the vulnerability of the exposed population to a point that even low concentrations may determine adverse health effects [33] [34] [35] .
One of the main challenges in determining the adverse effects of air pollution on health, mainly in underprivileged populations, is the adequate characterization of small-scale variations of exposure [36, 37] . In such context, we designed the present investigation by employing methods to capture small-scale variations of air contaminants and social and economic characteristics and aiming to determine whether air pollution has an independent role in determining higher risk for prematurity.
Epidemiologic studies conducted in different areas have reported significant associations between air pollution and prematurity [38] . Using variations in air pollution in the time domain, the period of gestation being more prone to the effects of air pollution exposure was explored by Rich et al. [39] and Giorgis-Allemand et al. [40] . The methods of pollution evaluation used in our investigation did not allow time resolution since they represented integrated measures across a period of time. Passive tubes averaged 10 days and four seasons while tree bark had a longer memory of trace element accumulation. The lack of time resolution was partly compensated by the high spatial resolution because the results allowed the determination of areas with different levels of contamination. Therefore, these determinations of exposure were rather qualitative but were useful to define areas with high and low pollution within the areas of study. Even considering the limitations of the exposure assessment, the results indicated that areas with higher levels of air pollution exhibited significantly higher risks of premature birth. The magnitude of the observed risks and the corresponding levels of significance were stable when different sets of controlling variables were included in the multivariate models. These findings suggest that the observed associations are sufficiently robust to model specifications that will provide additional support to our results.
It is important to notice that the measured concentrations of NO 2 and O 3 exhibited low concentrations of both contaminants, which was previously reported in other studies that focused on indoor air pollution conducted in São Paulo [41] . The same observation-low levels of pollution of NO 2 and O 3 -were observed in a small pregnancy cohort conducted by our group [18] . It is important to mention that most of our population sample has their residencies in areas such as slums. In such a setting, the traffic is virtually negligible in the small pathways that cross the community. Thus, because of the distance from major roads, the concentrations of gaseous pollutants are probably attenuated by dispersion and dilution [28] , but we cannot exclude the contribution of additional sources of indoor NO 2 . Butane, for instance, is the most used fuel for home cooking in our population and may have contributed, to some extent, to the observed NO 2 levels detected by our passive tubes. However, our results indicate that traffic emissions are a significant source of air pollution in our study scenarios since the elements measured in tree bark are indicative of a significant presence of automotive emissions [31, 32] . Since UV radiation is virtually absent in the indoor environment, we interpreted O 3 levels measured by the passive tubes as the result of outdoor photochemical processes, which is likely derived from traffic sources. Lastly, filters measured the accumulated concentration from seven to 10 days, which is an event that could have dampened the variation of ambient concentrations of gaseous pollutants. Moreover, the initial idea-to measure the outdoor levels-was not possible since the filters were systematically vandalized. Thus, we had to install the filters indoors. This is a situation that most probably reduced even further the concentrations especially that of O 3 .
The results suggest that particles (estimated by tree bark accumulation) and photochemical pollutants involved in the photochemical cycle (estimated by O 3 and NO 2 passive tubes) play a role in the pathogenesis of premature birth ( Table 5 ). The present study was not designed to investigate causal mechanisms. However, previous reports in the literature have described the potential mechanisms by which air pollution favors prematurity [42] . Placental insufficiency [14, 15] , trans placental transport of toxins [16] , constriction of blood vessels in the umbilical cord [17] , and alterations of placental flow [18] are examples of events associated with exposure to ambient levels of air pollution. Recent animal studies conducted by our group indicate that exposure to ambient levels of air pollution reduces the expression of angiotensin in placental tissue, which affects the invasion of trophoblast and, thus, reduces fetal-maternal interaction. The previously mentioned alterations, acting alone or in combination, indicate that exposure to air pollutants may create an unfavorable milieu for the fetuses up to the point of predisposition to prematurity [19] .
This study also confirmed some characteristics classically associated with premature birth including urinary infection, arterial hypertension, and the late onset of prenatal care. In this context, our results indicate that a broad characterization of the urban environment including physical, social, cultural, and economic parameters is necessary to establish sound and efficient public policies that aim to reduce prematurity.
Conclusions
In conclusion, our results indicate that air pollution represents a significant risk for premature births. Intra-urban variations in exposure even at the scale of hundreds of meters may modify the risk. Additionally, this study suggests that low-cost techniques may be used to track the spatial variability of exposure and may be used in areas devoid of conventional pollution monitoring systems. 
